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] .  Introduction 

An  appropriate  inventory  policy  in  many  situations  is  a  one-for- 
one  ordering  policy  [continuous  review  (s,S)  policy  where  s  =  S-l  [. 
That  is,  when  a  demand  for  an  item  arises,  an  order  is  immediately 
placed  for  a  replacement.  It  is  desired  to  find,  then,  the  optimal 
value  of  the  safety  stock  needed  to  support  such  a  policy  so  that  there 
is  a  control  on  both  stockout  probability  and  inventory  investment. 

Such  a  policy  is  most  often  used  for  items  which  are  expensive 
and  important,  so  that  inventory  investment  and  shortages  are  signifi¬ 
cant  factors.  Also,  most  repairable  item  inventory  models  fall  into  the 
one-for-one  ordering  category,  as  failed  items  are  usually  dispatched 
immediately  to  a  repair  facility  upon  failure.  The  METRIC  class  of 
models  [see  Muckstadt  (1973)3,  one  of  the  most  useful  multi-echelon 
models  currently  available,  uses  such  a  policy. 

A  key  factor  in  these  types  of  models  is  often  the  "ample  server 
assumption;"  that  is,  orders  to  be  filled  or  items  to  be  repaired  never 
(|ueue  up  hut  go  into  "service"  immediately.  Statistically,  this  means 
that  successive  order  replenishment  times  (or  repair  times  if  we  are 


I  -  • 


talking  about  repairable  items)  are  ln>t.  y  ,:n<{>  -ni  .  This  assumpt  ioi.  .1 .  i. 
one  to  take  advantage  of  Halm's  Theorem  from  queueing  theory,  which 
states  that  if  demand  is  Poisson  |or  compound  Poisson — see  Feeney  and 
Sherbrooke  (1966)],  and  there  are  ample  "servers,"  then  regardless  of 
the  distribution  of  order  replenishment  times,  the  state  probabilities 
depend  on  the  replenishment  time  |see  Hadley  and  Whiton  (1963),  np.  209 
if.,  for  example].  In  fact,  letting  N  represent  the  steady  scale 
number  of  orders  outstanding,  A  the  mean  demand  rate  assuring 
Poisson  distribution,  and  1  the  mean  replenishment  lead  time. 


Pr(N=n) 


<:(n) 


(A>) 


-A  1 
e 


(i) 


If  we  denote  tile  steady  state  on-hand  inventory  by  7.  and  assume  com¬ 
plete  backordering,  then  we  have  Z  =  S-N  and 

Pr (Z=z)  :  p(z)  =  * (S-z)  .  (2) 


Using  this  relationship,  it  is  easy  to  set  up  cost  equations  in  terms  of 
the  decision  variable  S  to  be  minimized.  Since  a  shortage  cost  in 
many  cases  may  he  hard  to  assess,  a  service  level  constraint  is  often 
used  instead.  Fill  rate  (the  percentage  of  requests  filled  immediately 
from  on-shelf  inventory)  is  one  such  constraint  in  wide  use.  Denoting 
the  fill  rate  hy  F  ,  we  have 


F 


A  -  Pr(Z<0) 
A 


100 


=  [1  -  Pr (Z<0) ]  -  100 


1 


l  "(n) 
n=S 


x  100 


O) 


S-l 

l  11  (n) 
.n=0 


*  100  . 


Now  suppose  there  is  not  ample  service  in  the  order  filling  (or 
repair)  process.  I’lie  question  we  seek  to  answer  is,  "What  effect  does 
lliis  have  on  the  calculation  of  S  and  on  the  actual  F  to  be  realized 
Alter  all,  one  might  argue  from  the  inventory  manager's  point  of  view 


-  2 


an  order  takes 


1 


i  .  i.i :  .i,  a.-  ;  .*•»•  average,  an  order  takes  time  units  to  he  reiu  ivul 

alter  being  placed,  what  difference  does  it  make  if  it  spends  part  m 
i t s  time  waiting  in  a  queue  to  he  processed  or  if  it  goes  into  process¬ 
ing  immediately'.'  The  answer  lies  in  the  fact  that  if  queueing  occurs, 
successive  replenishment  times  are  correlated  and  the  distribution  of 
a (n )  can  be  radically  changed. 


d .  Amp  1 e  Servers  versus  Single  Server  Cases 

.'»>  see  Lite  effect  of  introducing  correlation  in  successive  order 
rep  I  on  i  si  unen  l  Lines,  let.  us  suppose  that  instead  of  a  potentially  jnfi- 
:h,,'  number  of  "order  pickers"  (or  repair  channels),  there  is  only  one. 
I'urtuer,  let  us  assume  that  order  filling  times  are  exponentially  dis¬ 
tributed  with  mean  “.tie  M  .  Equation  (1)  still  suffices  for  the  ample 
server  case  (with  r  =  1/p  ),  and  in  terms  of  queueing  notation  we  call 
Hi  is  the  M/M/ T  model  with  mean  arrival  rate  A  and  mean  service  rate 
a  (=  1/.)  . 


For  the  single  server  case,  we  have  an  M/M/1  model,  still  with 
mean  arrival  rate  A  ,  but  with  a  mean  service  raLe  of  jj  ^  1/ 1  .  Here, 
is  equal  to  the  total  expected  waiting  plus  service  time  to  process 
an  order  (which  is  usually  denoted  as  W  in  standard  queueing  notation). 
Further,  from  M/M/1  queueing  theory. 


i 


(4) 


so  that  the  <:  to  make  the  M/M/1  "equivalent"  in  terms  of  mean  lead 
Lime  to  the  M/M/ >  is  then  [rewriting  Equation  (A)] 


l-t-.Vr 


(5) 


Mow  the  difference  between  the  two  systems  can  be  clearly  seen. 
Denoting  the  steady  state  probabilities  for  the  ample  server  case  by 
(n)  | Equal  ion  (1)|  and  the  single  server  case  by  a ^  (n )  ,  it  can 

readily  lie  shown  |see,  for  example,  Hillier  and  l.ieberman  (ldgO),  p.  418] 
t  ha  I 


1 


(n) 


Note  Chat  in  the  ample  server  case,  the  steady  state  probabili¬ 
ties  that  n  orders  are  outstanding  are  Poisson,  while  for  the  single 
server  case  the  steady  state  probabilities  are  geometric,  even  though 

tin'  mean  number  of  orders  outstanding  is  the  same,  namely,  V.  ,  L,u- 
leadtime  demand.  As  we  snail  see  later,  in  certain  cases  (certain  .'ui- 
ues  of  Ai  ),  sizable  discrepancies  in  S  and  K  can  result  from  as¬ 
suming  an  ample  server  situation  when  in  reality  there  is  only  a  single 
server,  even  tliough  the  mean  replenishment  times  are  the  same. 


} .  Ample  Servers  versus  Multiple  Server  Case 


Tiie  and  M/M/1  cases  are  the  extremes.  We  consider  now 

"equivalent"  M/M/c  systems  for  comparison  to  M/M/°°.  The  time  in  system 
(waiting  plus  service)  for  an  M/M/c  queue  is  given  as 


=  W 


-  +  - T 

y  c-1 


y(A/y)c  /  (c-l)! (cu-A)2 


y  _L  f AY‘  +  (AYV_£i 

n=Q  n-  VM/  c !  V  M  /  Vc|J- 


(7) 


It  is  now  necessary  to  employ  numerical  solution  techniques  to  find  the 

desired  |i  which  will  enable  the  calculation  of  the  n  (n)  .  We  know 

c 

t  hat 


1 

t 


M 


1+A  i 
1  ’ 


(8) 


that  is,  the  resulting  U  will  be  somewhere  between  the  M/M/1'1  and  M/M/1 
cases.  A  Newton-Kapiison  procedure  was  easily  employed  to  calculate  y  , 
and  once  having  done  so,  we  have  from  queueing  theory 


7t  (n) 
c 


n!  u 


n  c 


tt  (0) 


in 

- - - Tt  (0) 

n-c  ,  n  c 
c  c !  y 


n  <  c 


n  •  e 


(9) 


where 


4 


r,-i 


H  (0)  = 


^nV(^)  +  7f(£)(c7^J 


n=0 


-i 


Tims  the  resulting  fill  rate  becomes 

'S-l 


F  = 


T  (n) 
c: 


x  100  . 


in,) i *  • 

1 K1  L  i 


v  »■ . .  i  i"i\ . v* a ^  L«ic  v  s  ana  S  s  on  V  a  invc  w-  .^r.  as  . 
i’v»  .  .  i.-is  i.  i  o*i  in  a  si  tuat  i.oa  wncre  sc  ■  rv  i  i not  ^Ti 
s,  !  nr  part  in  Lise  replenishment  lead  time  items  may  wu*  t 


(10 


* .  Xumer  i  c  a :  Ke s u  i  t  s 

Tlie  calculations  for  S  are  performed  by  setting  a  desired  fill 
rate  level,  say  F  ,  arc  solving  for  the  S  such  that 

just  A 

100  )  ii  ( n )  >  F  .  (11 

n=0 

nil'  the  ainpie  server  case,  ii  (n)  (from  liquation  (3)(  is  used  in  hqua- 

I  i i*n  (II),  while  for  the  "equivalent"  c  server  case,  ’  (n)  (from 

liquation  (S>)  |  is  utilized.  The  respective  S's  obtained  we  denote  by 
S  and  S 

'  C 

If  in  reality,  we  truly  had  an  M/M/c  system,  but  were  using  the 
ample  service  assumption  to  calculate  S  ,  that  is  we  stock  S  ,  then 

the  irue  fill  rate  F(S>.,ii  )  [cal.1  Ko  ]  is 

S  -1 

c« . 

=  ),  n,(n) 

n=0  C 

oik*  may  he  U*s  than  I-  ,  since  S  <  S  for  aiJ  reasonable  values  of 

°*  c 

It  i-  this  L  v  pe  ol  "error"  which  is  of  interest. 


j 
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Another  "error"  of  interest  involves  the  expected  average  back¬ 
order  level  (which  is  sometimes  used  instead  of  fill  rate  as  a  service 
level  constraint).  For  a  safety  stock  level  of  S  units,  the  expected 
average  backorder  level  is 

CO 

B  =  l  (n-S)n(n) 
n=S 


=  L  -  S  -  l  (n-S)rr(n)  , 
n=0 

where  L  is  the  expected  number  of  orders  outstanding,  that  is. 


L  ^  l  nTT  (n) 
n=0 

/  a i  ,  ample  service  , 


A  (A/y)C  Ay 


(c-l)l(cy-A)  J  |_n=0 


Py1  _L  /Af  +  J_  'xf(  ]\ 

^  n!  V  y  /  c!  V  y  M  cy-A  >  ’ 

l_n=0  J 


c  servers 


Thus  if  we  provision  based  on  ample  servers,  that  is,  stock  ac¬ 
cording  to  S  ,  our  expected  average  backorder  level  B(S0,h^)  [call 
B  ]  is 

no  J 

s  -l 

oo 

B  =  L  -  S  -  J  (n-S  )tt  (n)  , 

n=0 

whereas  had  we  used  the  "correct"  modeling  assumptions,  accounting  for 
the  fact  that  only  c  servers  are  available,  our  expected  average  back¬ 
order  level  would  have  been  BCS^.tt^)  [call  Bc  ],  namely, 

S  -1 
c 

B  =  L  -  S  -  J  (n-S  )ti  (n)  . 

c  C  C  “  c  c 

n=0 

If  in  reality  we  had  ample  service,  the  expected  average  backorder  level 
would  have  been  B(S  , tt  )  [denote  by  B*  ] ,  specifically. 


B*  =  l  -  S  -  J  (n-S  )tt  (n) 

OO  OO  '  oo  oo '  ' 

n=0 
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Table  1  shows  the  input  and  output  quantities  used  for  the  nu¬ 
merical  analyses.  We  calculate  several  possible  "error"  measures  on 
fill  rate  and  backorder  level  as  defined  in  the  table.  For  fill  rate, 
we  look  at  three  quantities.  First  we  compute  the  percent  difference 
between  the  actual  fill  rate  attained  (F^)  assuming  ample  service  and 
using  Sm  -md  the  fill  rate  we  should  have  gotten  (F  )  by  stocking 

had  we  correctly  accounted  for  the  fact  that  only  c  servers  were 

available.  This  we  call  D  .  Next  we  compute  Dp  ,  the  percent  that 

r  j 

oo 

the  actual  fill  rate,  F  ,  is  below  our  goal  F  .  For  the  cases  where 

S  =  S  ,  there  is  no  error  and  we  set  Dp  to  zero,  since  for  these 
00  c  F 

/>v 

cases  we  always  either  achieve  or  exceed  the  goal  F  .  The  final  mea¬ 
sure  on  fill  rate  we  compute  is  D„.  ,  the  percent  difference  between 

what  we  think  we  are  achieving  by  assuming  ample  service  (F*)  and 
what  we  are  really  achieving  (F^)  . 

For  expected  average  backorder  level,  we  compute  two  measures, 
namely,  Dr-  ,  the  percent  difference  in  B  for  a  c  server  system  if 

L) 

OO 

we  stock  under  ample  service  conditions — that  is,  using  So  instead  of 
the  correct  Sc  — and  D^A  ,  the  percent  difference  in  the  perceived 
(believing  we  have  ample  service)  and  actual  (witl  c  servers)  B’s  . 

Figures  1,  2,  and  3  show  the  output  of  the  cases  coisidered, 
namely,  for  F  of  80%  (Figure  1),  90%  (Figure  2),  and  95%  (Figure 
3),  we  have  computed  the  error  measures  for  combinations  o f  At  =  .25, 
.50,  1,  5,  10,  15,  ...,  50,  and  c  =  1,3,5,10,15,20,25  .  C.t  appears 
that  the  larger  errors  occur  for  the  larger  values  of  At  and  smaller 
values  of  c  ,  as  we  would  expect.  Also,  the  three  fill  rite  measures 
seem  to  track  quite  closely  with  each  other.  Note  that  the  magnitude 
of  the  percent  error  for  the  backorder  measures  is  much  higher  than 
that  for  the  fill  rate  measures,  with  Dr-  being  an  order  of  magnitude 

higher  than  Dr  ,  which  itself  is  almost  an  order  of  magn  tude  higher 

D 

OG 

than  the  D.,  measures. 
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TABLE  1 

FACTORS  IN  THE  NUMERICAL  ANALYSES 


Symbol 

Definition 

Formula 

INPUT 

F 

Desired  fill  rate 

Input 

A'i 

Mean  demand  over  a  replenishment  lead- 

Input 

time 

c 

Number  of  servers  (order  "pickers"  or 
repair  channels) 

Input 

OUTPUT 

S 

CO 

Safety  stock  required  to  achieve  F  if 

V1 

l 

just 

*o>)  >  F 

ample  servers  available 

n=0 

S  -1 

just  „ 

t  (n)  >  F 

c  - 

s 

c 

Safety  stock  required  to  achieve  F 

under  c  servers  (S  >  S  ) 

C  --  oo 

c 

l 

n=0 

F* 

Actual  fill  rate  achieved  using  Sro  it 

S  -1 

CO 

the  true  state  of  affairs  is  ample 

F* 

=  l  Vn> 

service 

n=0 

F 

True  fill  rate  for  c  servers  stocking 

S  -1 
c 

c 

with  S  (F  >  f) 

C  C 

F 

c 

=  l  \(n) 

n=0  c 

Foo 

Actual  fill  rate  achieved  for  c  serv¬ 

S  -1 

OO 

ers  stocking  under  the  assumption  of 
ample  service;  i.e.,  using  So>  (Fot<  F  ) 

F 

00 

=  I  Mn) 

n=0 

°F 

oo 

Percent  difference  actual  fill  rate  is 
below  correct  fill  rate  when  stocking 

°F 

F  -F 

r  oo 

=  -  x  100 

for  a  c-server  system  but  using  the 
ample  service  assumptions 

oo 

r 

c 

df 

Percent  actual  fill  rate  is  below  fill 

Dp  = 

max  0, 

rate  goal  when  stocking  for  a  c-server 
system  but  using  the  ample  service  as¬ 
sumption 

„  L 

F-F  q 

OO 

X  100 

F  J 

g 


-  8  - 


T-433 


TABLE  1 — continued 


Symbol 


t 

I 

i 


°B* 


Definition 


Formula 


Percent  actual  fill  rate  is  nelow  as¬ 
sumed  fill  rate  when  stocking  for  a  c- 
server  system  but  using  the  ample  ser¬ 
vice  assumptions 


DF* 


F*-F 


CO 


F* 


x 


100 


Percent  in  expected  average 

backorder  level  when  stocking  for  a  c- 
server  system  but  using  ample  service 
assumptions 


°B 


B  -B 


03  c 


B 

c 


Percent  actual  expected  average  backor¬ 
der  level  is  above  assumed  expected  av-  B^-B^ 

erage  backorder  level  when  stocking  for  =  — — - 

a  c-server  system  but  using  ample  ser-  B* 

vice  assumptions 


^  100  J 


x  100  ; 


All  values  for  the  error  measures  in  Figures  1,  2,  and  3  are 

A 

given  in  percents  so  that,  for  example  from  Figure  2,  for  F  =  90%  , 

Al  =  20  ,  c  =  5  ,  D„  shows  a  17.93%  error,  Dc  a  17.47%  error,  and 

r  r 

rxj 

D...  a  19.45%  error,  while  D=-  shows  a  170.67%  error  and  D-  a 
r  *  is  d* 

oo 

3,113.81%  error!  Of  course,  D-  shows  such  large  errors  because  if  we 

think  we  have  ample  service,  we  expect  a  very  low  average  backorder 
level  (namely,  0.14  units)  while  in  reality  we  have  a  level  of  4.52 
units,  which  is  a  large  percentage  change  from  0.14.  Had  we  correctly 
used  the  stocking  criteria  for  five  servers  (S  =45)  ,  then  our  ex¬ 
pected  average  backorder  level  would  have  been  1.67  units.  Perhaps  in 
terms  of  backorder  measures,  one  should  also  keep  in  mind  the  absolute 
error  as  the  nercentage  error  is  distorted  by  the  small  "base"  upon 
which  it  is  calculated. 

While  errors  are  larger  for  larger  values  of  At  and  smaller 
values  of  c  ,  there  is  not  always  strict  monotonicity  which,  we  believe, 
is  due  to  the  discrete  process  required  in  calculating  S  to  satisfy 
the  inequality  constraint  on  fill  rate  goal  F  .  For  example,  from 
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Figure  1. — Output  for  F  =  85^. 


LAM*  I AJ  C  SC  SINF  ft  F  INF  F&IAft  OFiNf  OFHAT  l)F  STAR  BBARC  BBRINF  BBRSTR  OBRINF  DBRSTR 


P  P  O  PM  *n  O'  A  N  »  <  ® 
f*.  <»>  O' 

•ANhiriNO^-*  ©PMtoo<M©PM<MCPto9®09PM®toto»ntoin®9PMto-4  ®<Mto*99in<n 
rgoj*«*4H  m  pm  eg  rg  -*  to 


l>  ^  N  O'  W  >  C  O'  to  to  in  omi^N-TK^Ol/'C^NttW'fO^NNOHNOHWmKMCO-O 


fM 

O 

o 

*0 

O' 

O* 

<v 

O' 

to 

9 

to 

o 

*r 

O 

® 

<6 

o 

® 

in 

o 

p 

to 

to 

to 

PM 

-4 

O 

O 

9 

m 

9 

© 

PM 

_ 

to 

O 

in 

O  © 

O 

o 

o 

© 

to 

o 

INI 

CP 

CP 

O' 

O' 

® 

p- 

in 

O 

O 

o 

O' 

O' 

« 

® 

O 

o 

o 

O 

O' 

O' 

® 

mm 

to 

to 

O 

o 

CP 

© 

mm 

to 

to 

to 

o 

o  © 

to 

to 

H 

mm 

>4 

«4 

«4 

** 

>4 

"* 

** 

to 

to 

to 

to 

— 

to 

to 

to  to 

PM 

Pm 

PM 

<\i 

PM 

vM 

**1 

to 

to 

to 

to 

pn 

CP 

CP 

CP 

CP 

<P 

CP 

O' 

® 

® 

® 

® 

® 

® 

® 

© 

® 

© 

© 

© 

® 

© 

PM 

PM 

PM 

PM 

PM 

eg  fM 

m 

m 

m 

u*\ 

m 

lA 

n 

in 

m 

n 

n 

n 

in 

in 

® 

® 

« 

® 

® 

® 

® 

4- 

«r 

4- 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

CM 

PM 

PM 

•M 

PM 

PM  PM 

*4 

mm 

mm 

—4 

cr 

o' 

CP 

CP 

CP 

CP 

p^ 

r- 

*- 

to 

to 

to 

to 

>r 

P 

«n 

to 

to 

to 

to 

to 

to 

mm 

— 

to 

to 

to 

CP 

o* 

to 

to 

to 

to  to 

PP 

to 

to 

to 

to 

to 

m 

<st 

PM 

PM 

PM 

<M 

PM 

PM 

m 

m 

pn 

rd 

pn 

m 

to 

to 

to 

to 

to 

to 

to 

4- 

to 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

nT  9 

• 

• 

• 

• 

• 

• 

♦ 

« 

• 

* 

• 

• 

• 

• 

« 

■ 

i 

B 

• 

• 

• 

* 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

t 

•  • 

o 

o 

o 

o 

o 

O 

o 

o 

O 

O 

O 

O 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

O 

O 

o 

O 

O 

O 

O 

O 

O 

O 

O 

o 

o 

0 

0 

XT' 

<M 

p*- 

to 

PM 

® 

to 

to 

© 

® 

to 

in 

pn 

o 

to 

PM 

® 

*■4 

to 

® 

PM 

in 

9 

to 

•4 

® 

in 

to 

to 

-c 

to 

9 

m 

PM 

O' 

to 

9 

©  © 

v4 

9 

pm 

«N 

m 

03 

to 

to 

CP 

mm 

9 

® 

o 

® 

o 

CP 

>o 

-4 

PM 

-r 

9 

n 

cp 

O' 

mm 

O 

to 

® 

to 

a> 

to 

U2 

O 

9 

in 

to 

to 

9 

to 

©  in 

-4 

*M 

<r 

PM 

9 

* 

CP 

mm 

PM 

p 

•m 

~4 

PM 

O 

PM 

PM 

m 

® 

p 

PM 

o 

PM 

PM 

to 

9 

to 

O' 

to 

to 

m 

in 

© 

P*> 

9 

n 

in 

P 

to 

to 

to 

PM  to 

4^ 

o 

in 

pm 

® 

m 

to 

O* 

in 

a 

pm 

to 

CP 

sO 

to 

m 

® 

<r 

o 

fO 

PM 

PM 

® 

to 

O' 

to 

o 

9 

o 

9 

*4 

to 

m 

© 

m 

9 

9 

9) 

in 

•4 

9  — 

to 

to 

o 

in 

to 

PM 

-4 

CO 

© 

® 

9 

K? 

m 

PM 

O 

o 

o* 

® 

to 

in 

>r 

<M 

ml 

ml 

<P 

CO 

to 

in 

9 

to 

to 

Jt 

o 

© 

to 

to 

to 

9 

m 

PM 

o  to 

-* 

-4 

■4 

•4 

•4 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

9 

9 

m 

o 

CO 

in 

in 

O 

O' 

m 

to 

O 

o 

to 

® 

o 

9 

9 

PM 

® 

to 

O' 

m 

to 

O 

a 

o 

9 

to 

PM 

to 

to 

© 

© 

© 

9 

to 

9 

o 

O  © 

CO 

mm 

CD 

JT\ 

>4 

9 

9 

3* 

o 

p 

p 

9 

o 

-4 

rrv 

>» 

to 

O 

PM 

® 

m 

•# 

® 

in 

to 

to 

PM 

O' 

O 

PM 

to 

to 

O 

9 

CP 

o 

i*> 

to 

to 

in 

9  to 

in 

o 

9 

o 

m 

© 

*Wi 

to 

<M 

® 

p- 

9 

in 

pn 

m 

O' 

in 

® 

O 

m 

to 

to 

o 

to 

to 

o 

CP 

© 

P 

9 

in 

to 

© 

to 

to 

to 

O 

to 

9 

9 

©  n 

9 

m 

PM 

© 

•H 

m 

o 

4’ 

to 

o 

9 

O' 

PM 

hi 

•4 

CP 

to 

PM 

® 

o 

to 

® 

to 

O* 

9 

9 

•4 

9 

9 

PM 

to 

o 

9 

® 

9 

m 

O 

9 

® 

to  n 

• 

t 

» 

t 

• 

• 

• 

• 

• 

• 

t 

# 

• 

• 

t 

• 

• 

• 

» 

t 

• 

• 

• 

• 

t 

• 

• 

• 

• 

• 

4 

• 

• 

f 

« 

• 

• 

• 

•  » 

to 

p* 

to 

PM 

fM 

»-4 

"• 

9 

9 

to 

PM 

PM 

in 

'T 

p 

«♦■ 

m 

m 

<N 

in 

m 

to 

9 

to 

to 

to 

9 

9 

9 

to 

in 

9 

to 

N* 

to 

to 

9 

in 

in  9 

«4 

o 

<0 

to 

to 

— 

to 

PM 

to 

to 

to 

m 

PM 

p* 

P 

«o 

PM 

PM 

PM 

9 

in 

to 

to 

O' 

PM 

9 

9 

to 

«n 

to 

9 

PM 

to 

9 

to 

9 

to 

to 

9  9 

m 

<N 

p* 

to 

<N 

cm 

to 

-4 

to 

in 

9 

o 

p* 

to 

o 

P 

H 

4> 

PM 

to 

9 

«4 

O' 

to 

O 

o 

O' 

to 

9 

in 

to 

to 

O 

to 

to 

to 

O 

9 

9 

to 

o  — 

• 

• 

• 

• 

• 

• 

• 

• 

i 

• 

• 

i 

• 

• 

• 

• 

• 

« 

• 

• 

• 

« 

t 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•  * 

ao 

CO 

to 

9 

«4 

•4 

9 

o 

0* 

o* 

® 

-o 

p 

CP 

O' 

o* 

® 

to 

m 

to 

•4 

o 

O 

o 

CP 

to 

9 

O 

o 

o 

to 

to 

© 

9 

O 

o 

to 

to 

9 

©  to 

to 

-4 

-4 

mm 

-4 

•4 

rg 

mm 

-4 

■4 

"4 

•4 

mm 

•4 

•4 

to 

to 

-4 

mm 

(M 

«M 

PM 

PM 

•4 

*4 

«4 

PM 

PM 

PM 

to 

-4 

to 

to 

<M 

PM 

to 

to 

to 

to  to 

to 

PM 

to 

PM 

to 

PM 

© 

PM 

9 

O 

9 

9 

o 

9 

to 

o* 

9 

9 

PM 

in 

PM 

to 

to 

to 

© 

to 

m 

o 

9 

in 

•** 

9 

to 

9 

to 

o 

PM 

© 

O'  ® 

PM 

to 

9 

O 

to 

9 

•NJ 

to 

© 

to 

in 

O' 

to 

to 

to 

to 

O 

to 

9 

m 

to 

to 

© 

to 

to 

to 

to 

o 

to 

to 

to 

* 

9 

PM 

9 

in 

9 

to 

to 

in  ® 

• 

• 

• 

• 

• 

# 

• 

• 

• 

• 

• 

t 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

9 

• 

• 

« 

• 

« 

• 

• 

• 

t 

• 

• 

• 

• 

t 

• 

•  • 

to 

9 

9 

m 

PM 

to 

in 

to 

to 

9 

to 

to 

to 

9 

9 

© 

to 

to 

to 

9 

PM 

9 

9 

to 

to 

9 

9 

to 

to 

9 

9 

9 

to 

9 

n 

to 

to 

to 

9 

9 

to  9 

totototor*©90'egtointotototnin®9P«to>4’40'to®®tototoPMto.rtnto4-tototof^into© 
inN9'H^o\fnH3)(j(O'rN«'#<VHfn«N(n-<O'f^ift®i>*--ON',*N^K1rtifl-Tt'0o 
*  i  •  i  •  •  i  *  •  •  •  •  i  i  i  •  i  i  i  «  i  t  »  t  i  •  •  i  •  t  •  •  i  »  »  •  •  •  «  •  t  i 

NNflinm*-nN'^«iftflNC8®C8CPh'O^»n»tO«N«OiA«n»»»0OS'fiiA^O‘9»5,«',-N 


tototototototo.r999999*4totototototo«r999999rM<MPM<NPMPMPM-4-4-4,4«4"4-4 

•^inwinMmnooooooominminwwinoooaoooNNK^NNNtfljMft'AiflK'ift 

I  ••»•  t  »•»»  T  «•»•  I  »»  I  •»»»*»»#»•  t  •»*»#»•••  I  »  « 

<o<04040voQcofioco<sto3M)04’0>o>o<Ofloao®QDaMooO'0'04'0^<40^intf>inintfMn 

C0<QC0QC0fl09®4>9l9l9C0Q0lQ(8CD®eDflBCQ9g0CBC0tt99C0|9QD(0,QOO(D(0Q09C0®C0 


)ANO^-<iA<f«U^®^i/MVN<fNOiA#0^990<rs«0^<D«Q9lN»OH^«lON 

n«0'M3<OiTH\iA«N«ONmiANin^talA^lAN^NM<ea}70iANCO^<riA^^O« 

3O^N>T«O3OO4^tf«ta9«^a4N#99^3^M^0OO>IM)HMO«09»OO 


^inii>0iA'M030>4m<44N'VN^H^N400«<^^>A^NNN0^N^?0H'N^0'f 

t  I  (  T  I  I  I  «  t  «  f  «  |  t  (  |  |  |  |  |  |  t  |  •  f  |  (  I  f  |  «  |  •  f  *  |  f  |  I  I  «  t 

4Q99OflO(D<B9CD««dO499«S«cecO«(O99)O««aD«99tt«9ttS0«cOV90 


-4to.*-4-4to.^toe«totoF-.r«4to:MPMPMPMPMpgPM«©©©©®©tototototototo®©®ao®®® 

totototototototototototototo99999999999999tninininminininin.n'nininin 


-TmiAOiAsm^tfix'oiooin^fniAQiAom^^inoinoiA^^iAo^&iA^fittAO^ain 

•4  to  A|  eg  H  (N  to  .*  »>j  «g  -«  to  o  pg  -«  -4  m  eg 


000090090000090000Q00000000900000000000QQO 

©000000©000©00000000000©000©0090Q09C©OQOOQ 


PMfMNPMPMPMPM‘^"*^4*,n,nto«ntotototototo99999999999999ininininiAin'n 


Figure  1. — continued . 
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Figure  2. — Output  for  F  =  90% 
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Figure  3. — Output  for  F  =  95% 
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Figure  2,  \ =  25  ,  we  see  that  the  percentage  ±rror  in  D-  increase^ 

^OO 

slightly  when  going  from  C  =  1  to  C  =  3  ,  although  this  is  a  rather 
rare  situation  and  the  general  trend  is  decreasing.  The  "nonmonotonic¬ 
ity"  is  somewhat  more  common  when  fixing  c  and  observing  the  errors  a# 
At  increases.  Again,  even  in  cases  where  there  is  not  strict  monoton- 
icity,  the  violations  are  small  and  there  still  remains  a  general  trend. 

Figures  4  through  18  show  graphs  of  the  error  ranges  of  the  D„ 

r 

and  Efe-  measures  on  the  At  versus  c  space.  A  definite  pattern 

■D 

emerges  even  though  in  a  few  cases  the  nonmonotonicity  shows  up.  The 
error  band  lines  are  purposely  plotted  as  "fuzzy,"  since  the  grid  is  not 
fine  enough  to  obtain  precise  boundaries. 

These  graphs  do  show  clearly  that  for  large  Ax  and  small  c  , 
the  percentage-  error  can  be  sizable.  Also,  errors  for  comparable  cases 
(same  Ax  and  c  )  become  larger  as  F  is  increased.  This  can  be  seen 
by  looking  at  comparable  measures  for  the  three  F  situations;  for 
example,  by  comparing  Figures  4,  9,  and  14,  or  Figuies  7,  12,  and  17,  and 
so  forth. 

While  the  general  direction  of  large  errors  (larger  Ax  ,  smaller 

A 

c  ,  larger  F  )  may  not  be  surprising,  the  actual  magnitude  might  be. 
Certainly,  one  should  give  careful  thought  prior  to  employing  the  ample 
service  assumption. 

Figures  19  through  24  give  plots  of  D  and  D=-  versus  Ax 

r  _  d 

oo  oo 

for  various  c  values,  and  F's  of  85%,  90%,  and  95%,  respectively. 
These  sets  of  curves  can  be  used  to  find  the  error  (or  approximate  error 
if  interpolation  is  necessary)  in  assuming  ample  service  when  in  reality 
it  is  not.  Keep  in  mind  that  these  results  assume  exponential  lead 
times  in  the  nonample  service  model,  and  that  the  stockage  criteria  are 
based  on  fill  rate  control. 
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